Background: Quantitative ultrasound (QUS) is a quick, non-invasive and inexpensive method to measure bone strength. Moreover, the device is portable, which makes it easy to be used in the field. In contrast to other bone measuring techniques, QUS does not use any ionised radiation. However, the validity of QUS in the measurement of bone health and the relationship between QUS output and body composition have not been assessed in very young children. Objective: To investigate the relationship between paediatric calcaneal QUS and both dual-energy X-ray absorptiometry (DXA) and calcaneal DXA with laser (DXL) and body composition parameters. Subjects: A total of 37 Belgian children (10 boys and 27 girls; 4 to 8 years old) underwent a calcaneal QUS as well as a DXA scan. A total of 24 Swedish children (15 boys and 9 girls; 3 to 5 years old) underwent a calcaneal QUS as well as a heel DXL scan. The height and weight of all children were measured. Results: The QUS stiffness index (SI) was significantly negatively correlated with bone mineral density (BMD) of the total body (r ¼ À0.370, P ¼ 0.02). No significant correlations were found between the SI and DXL results. In the total sample, the SI showed a significant positive correlation with body mass index (BMI) (r ¼ 0.298, P ¼ 0.02), even after correction for age, gender and centre. In the Belgian sample, the SI was also significantly positively correlated with total body fat mass content (r ¼ 0.416, P ¼ 0.01) and body fat percentage (r ¼ 0.566, Po0.01) obtained by whole-body DXA. Conclusion: The SI measured by QUS does not correlate significantly with BMD values measured by DXA or DXL in 3-to 8-year-old children. However, there is a significant positive correlation between SI and BMI and body fat %.
Introduction
Osteoporosis, a disease with deficient bone mass and microarchitecture and consequent bone fragilisation, is one of the most common debilitating and costly chronic diseases in Europe. Osteoporosis is known as a 'silent epidemic' because there are often no symptoms until a fracture occurs.
As Europe's population ages and becomes more sedentary, the number of people affected by osteoporosis will increase significantly. Therefore, public health nutrition and physical activity strategies to develop and maintain bone health throughout the lifecycle, as well as to prevent osteoporosis in later life, are urgently needed. 1, 2 As more than 90% of peak bone mass is present by the late adolescence period, childhood is a crucial stage in life during which it is critical to adopt the right behaviour to optimise bone mass. 3 Adequate nutrition and physical activity are two important, modifiable determinants of whether children acquire an appropriate level of bone mineralisation for their body size. 3 However, new epidemiological studies are needed to determine the exact recommendations regarding nutrition and physical activity and the right strategy that can encourage parents and children to reach these recommendations. For such epidemiological studies, effective methods for assessing bone health in paediatric populations are needed. Currently, the three main methods are dual-energy X-ray absorptiometry (DXA), peripheral quantitative computed tomography and quantitative ultrasound (QUS). [3] [4] [5] [6] DXA is the most commonly used technique for bone mineral status assessment worldwide. The main advantages of DXA are its wide availability and short scanning times, but the subject is exposed to ionised radiation and it measures bone status in two dimensions, providing only an estimate of bone mineral density (BMD). Peripheral quantitative computed tomography permits a three-dimensional analysis of bones measuring volumetric BMD (vBMD); however, as the measurement is very sensitive to movement, it is not commonly used on children as they cannot avoid moving during the scan. These advantages make QUS a useful and interesting instrument in large epidemiological studies with fieldwork outside a hospital setting (for example, schools), such as the IDEFICS (Identification and prevention of dietary-and lifestyle-induced health effects in children and infants) studyFa large-scale population-based study in healthy children aged 2-10 years. 9 There is a fourth not so commonly used techniqueFthe portable dual-energy X-ray absorptiometry with laser (DXL), modified for paediatric use. The DXL includes a laser function for measuring calcaneal height, which makes it possible to calculate bone mineral content, BMD and volumetric bone mineral apparent density (BMAD). This could be a way of correcting for changes in bone size, which is particularly important when evaluating the BMD of a growing child. 5 This technique is easy to use and gives a low dose of radiation. Despite its apparent logistic advantages, the use of QUS and the validity of the measured parameters in paediatric populations remain controversial, as well as the relationship between SI and body composition parameters. Currently, only limited comparative data on the estimation of bone mineral status in very young healthy children are available. Other studies comparing calcaneal QUS measurements with DXA measurements in healthy children exist; 6, 7, [10] [11] [12] [13] however, these studies were conducted in older children from 6 to 18 years of age. Data on validity in younger children are lacking. Moreover, the correlation between children's SI and body composition parameters has only been investigated in a limited number of studies, 14, 15 in children older than 6 years of age. Therefore, studies in younger children are needed, such as those investigated in the IDEFICS study. The aim of this study was to investigate the relationship between the SI values measured by QUS and (1) the values of BMD and BMAD as determined by DXA or DXL on the one hand and (2) body composition parameters (for example, body mass index (BMI) and body fat percentage) on the other, in children between 3 and 8 years of age.
Subjects and methods

Subjects
In Belgium, the study population comprised 37 healthy children (10 boys and 27 girls) aged 4-8 years (mean age of 5.8±1.4 years). A total of 17 children were between the ages of 4 and 5 years and 20 children were between 6 and 8 years of age. These children participated in an IDEFICS validation substudy conducted in four European countries (Belgium, Spain, Sweden and United Kingdom) between January and July 2009 (Bammann et al.
16
). In Sweden, the study population comprised 24 healthy children (15 boys and 9 girls) aged 3-5 years (mean age of 4.4 ± 0.4 years). All these children participated in the recording of baseline measurements for the IDEFICS study, carried out between fall 2007 and spring 2008, during which time QUS measurements were also taken. 9 These children were seen a second time in May-June 2008 when the DXL measurement was taken. We certify that all applicable institutional and governmental regulations pertaining to the ethical use of human volunteers were followed during this research. All parents of the Belgian and Swedish children gave written informed consent. In Belgium, the study was approved by the ethical committee of the Ghent University Hospital and in Sweden by the Regional Ethical Review Board at the University of Gothenburg. . For each child, the BMI Z-score was determined using the LMS method (with British reference population), which summarises the distribution of BMI at each age by its median (m) and coefficient of variation (s), plus a measure of skewness based on the Box-Cox power (l) ), resulting from bone mineral content (g) divided by bone width (cm 2 ), of the lumbar spine (L1-L4) and whole body was measured. The whole-body scan gave information on the BMD of the left and right arms, left and right legs, subtotal (that is, total body minus head) and overall total body. Moreover, this scan also gave information about body composition (total fat mass (g), total lean mass (g) and fat percentage (%)). Recording the measurement took about 20 min per child. All DXA measurements were taken by the same person. (4) DXL. For Swedish children, measurement of the left calcaneus was taken using the laser (DXL) Calscan technique (Demetech AB) to determine heel bone mineral content (g), heel BMD (g cm
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À2
) and heel BMAD (mg cm
À3
) values. The DXL measurements were taken in May and June 2008, some months after the QUS measurements were recorded. The mean time lag between QUS and DXL measurements was 64.6±42.1 days. The DXL technique uses two X-ray energies in combination with laser measurement of the object thickness in order to measure BMD without the influence of fat tissue. A more detailed description of the DXL technology has been given elsewhere. 5, 17 In the present study, the modified DXL Calscan device for use in paediatric practice was used. 
Results
The mean age, height, weight, BMI (Z-score) and SI (mean of both feet) in both the Belgian and Swedish study population are shown in Table 1 . Mean BMI (Z-score) was higher in Swedish children (3-5 years) compared with Belgian children (4-8 years). Mean SI was higher in Belgian children compared with Swedish children. For both Belgian and Swedish children, the SI of the left and right feet was not significantly different. The correlation between SI value and age, gender, height, weight and BMI (Z-score) was investigated using the combined data of both the Belgian and Swedish children. A significant correlation was found between SI and BMI as well as BMI Z-score (Table 2 ). This correlation was still significant after correcting for age, centre and gender in a linear regression model (Table 3) . For the Belgian study population, the correlation between the SI value and the parameters resulting from the DXA were investigated. Significant negative correlations were found with the BMD of the left arm (r ¼ À0.324, P ¼ 0.05) and the total body (r ¼ À0.370, P ¼ 0.02) but not with lumbar spine, legs or subtotal (that is, total body minus head). A nonsignificant correlation was found with BMD of the right arm (r ¼ À0.282, P ¼ 0.09). A paired sample t-test showed a significant difference between BMD of left and right arms for Belgian children, with a higher BMD in the right arm. A positive, significant correlation was found between SI and QUS, DXA and DXL measurements in children I Sioen et al the total body fat content and the body fat percentage (Table 2) . BMI correction did not change the correlation coefficients between SI and BMD of total body.
For the Swedish study population, the correlation between the SI value measured in the left foot and bone mineral content (g), BMD (g cm
À2
) and BMAD (g cm À3 ) measured in the left heel by DXL was investigated. No significant correlation between the SI value and any one of the DXL parameters was found ( Table 2) .
Discussion
This study investigated the relationship between SI values measured by QUS and (1) the values of BMD and BMAD determined by DXA or DXL on the one hand and (2) body composition parameters on the other in children between 3 and 8 years of age. The main findings were that the SI values were significantly positively correlated with BMI (r ¼ 0.298, P ¼ 0.02), even after correction for age, gender and centre. In the Belgian sample, SI values were significantly positively correlated with total body fat mass content (r ¼ 0.416, P ¼ 0.01) and body fat percentage (r ¼ 0.566, Po0.01) from whole-body DXA. SI was significantly negatively correlated with the BMD of the total body (r ¼ À0.370, P ¼ 0.02). No significant correlations were found between the SI and DXL results.
An important limitation of this study is that the original BUA and SOS values measured by the QUS were not available; only the SI calculated as a linear combination of BUA and SOS was registered. It is possible that more meaningful correlations would have been found with the original BUA and SOS parameters.
Another limitation is that, in the Swedish study population, QUS and DXL were not measured on the same day because of logistical reasons. QUS measurements were taken in schools, whereas DXL measurements were taken in the hospital at a later time point, resulting in a time difference of around 2 months (64.6 ± 42.1 days) for those children. This fact may have influenced the results and could be one of the reasons that no significant correlations between QUS and DXL measurements were found for Swedish children. It is possible that the bones had time to grow between both measurements. However, a normal child of that age would perhaps grow 6 cm per year (1 cm in 2 months). Thus, looking at the whole-life perspective, only an B1% change in height occurs during the time lag (if the child is 100 cm). Therefore, the influence on findings reported in this study is likely to be minor.
Related to the first objective of this study
The first objective of this study was to compare the QUS results with other bone reference methods. Also other studies comparing calcaneal QUS measurements with DXA measurements in healthy children exist. 6, 7, [10] [11] [12] [13] However, most of these studies used the BUA and SOS parameters in addition QUS, DXA and DXL measurements in children I Sioen et al to stiffness indices, which are lacking in this study. Moreover, the part of the body measured by DXA differed between the different studies comparing QUS and DXA. Jaworski et al. 7 found strong positive correlations between heel SI and lumbar spine BMD (r ¼ 0.77), heel BMD (r ¼ 0.80) and total body BMD (r ¼ 0.74) measured by DXA in healthy Polish children (n ¼ 71) between 6 and 13 years of age. These correlations are much higher than the ones reported in this study. It is noteworthy that the correlations were positive, whereas in our study negative correlation coefficients were found. They also showed that stiffness values increased with age, 7 which was not the case in our study population, which included younger children between 3 and 8 years of age. QUS and DXA measurements in 280 healthy children aged 11-16 years. As in our study, they did not find a statistical difference in SI between both feet. They found significant correlations between SI and BMD of the lumbar spine, femoral neck, hip and total body. They even found higher, positive correlations between SI and BMD measurements compared with either BUA or SOS. Lum et al. 13 compared QUS measurements with DXA measurements of the lumbar spine, femoral neck and total body in 125 North-American youths aged 9-25 years. BMD at all skeletal sites correlated significantly positively with all QUS parameters. Also, Wang et al. 11 showed a significant positive correlation between BUA measurements and femoral neck and lumbar spine BMD measured in 258 Finnish girls between 10 and 13 years of age. In summary, the results of this study (on the Belgian sample) were not comparable to those of previous studies described. In the majority of other studies, significant correlations were found between BMD at different skeletal sites and QUS parameters (either SI, BUA of SOS) and these correlation coefficients were positive, which is in contrast to our study. In our study, only negative significant correlations were found with BMD of the left arm and the total body, and nonsignificant correlations with BMD of the right arm, lumbar spine and legs. These results are hard to explain if they are not simply due to statistical chance, which a small sample is prone to. The young age in this study sample may be another explanation. The composition of bone tissue in very young children is different from that of older children. In very young children, under the age of 5 years, woven bone tissue is often found, whereas this is normally not the case in older children. Very little is known about the mechanical properties of this woven cortical bone tissue; however, it is suggested that woven bone is less stiff than other types of bone tissue. 15 Calculating the correlations between SI and BMD values in Belgian children of age 6 years or older (n ¼ 20) leads to more significant and higher correlations compared with the correlations found with the overall Belgian sample who were younger (n ¼ 37 from 4 years onwards). The presence of woven bone in young children can be an explanation for the differences between this study and other published studies in older children. To further investigate this question, other, larger comparative studies using QUS in this young age group (children up to 8 years of age) need to be conducted. The relationship between QUS and DXL investigated in this study in the Swedish population sample could not be compared with that of other studies, as no other studies were available in which both QUS and DXL measurements were recorded. Studies investigating the relationship between the QUS result and the gender and age available for comparison show that, in healthy children, investigators did not find a difference in sex for ultrasound variables, 6, 7, 10, 12 which is also confirmed in our study. The lack of age differences for the SI value in this study compared with others 7,10,12,13,18 is probably a result of the limited number of children in our study population, as well as due to the small age range in this study (3-8 years old). Compared with the existing studies examining the relationship between QUS and DXA measurements, the children in our study were rather young (3-8 years old, whereas the other studies start when the child is 6 years or older). To our knowledge, no previous studies were conducted comparing QUS and DXA in children this young. Nevertheless, in the study by Brukx et al. 6 with 127 healthy children between 7 and 18.4 years of age, no significant increase in stiffness with age was found.
Related to the second objective of this study The second objective of this study was to investigate the relationship between SI and body composition parameters; however, only a limited number of similar studies were found in literature with which the results could be compared. Only Sundberg et al. 12 reported a significant correlation between SI and BMI, which is confirmed by our results; however, these studies did not provide any information in relation to body fat percentage. Mughal et al.
18
reported a significant correlation between BUA and weight, as well as with height, based on a cross-sectional study with 367 healthy children aged 6-15 years, but did not provide any data on BMI or body fat percentages.
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